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ABSTRACT
We present a robust calibration of the 1.4 GHz radio continuum star formation
rate (SFR) using a combination of the Galaxy And Mass Assembly (GAMA) survey
and the Faint Images of the Radio Sky at Twenty-cm (FIRST) survey. We identify
individually detected 1.4 GHz GAMA-FIRST sources and derive stellar mass selected
FIRST stacks using a late-type, non-AGN, volume limited sample - extending the
robust parametrisation of the 1.4 GHz-SFR relation to faint luminosities. For both
the individually detected galaxies and our stacked samples, we compare 1.4 GHz lumi-
nosity to SFRs from GAMA to derive a new 1.4 GHz luminosity-to-SFR relation with
improved slope and normalisation. For the first time, we produce the radio SFR-M∗ re-
lation over ∼ 2 decades in stellar mass, and find that our new calibration is robust, and
produces a SFR-M∗ relation which is consistent with all other GAMA SFR methods.
Finally, using our new the 1.4 GHz luminosity-to-SFR calibration we make predictions
for the number of star-forming GAMA sources which are likely to be detected in the
upcoming ASKAP surveys - EMU and DINGO-continuum.
Key words: galaxies: star-formation - galaxies: evolution
1 INTRODUCTION
Accurately measuring the rate at which a galaxy is form-
ing new stars (the star formation rate, SFR) is problematic.
? E-mail: luke.j.davies@uwa.edu.au
This is largely down to the fact that common methods for
deriving SFR are limited by the fact that: i) a fraction of the
light emitted from young stars being obscured by dust (e.g.
see Meurer, Heckman, & Calzetti 1999), ii) the indirect de-
tections of dust reprocessed light must be attributed to the
original stellar sources (i.e. measuring 24µm emission and
c© 2016 The Authors
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assuming all mid-infrared emission arises from dust heated
by young stars in stellar birth clouds, e.g. see the review
of Sauvage, Tuffs, & Popescu 2005), iii) emission line SFRs
are only measured over the central regions of galaxies which
may not be representative of the galaxy as a whole, and
are dependant on gas distribution (for example using fibre-
based spectroscopy and the H-α emission line e.g. Hopkins
et al. 2013; Gunawardhana et al. 2013), and iv) galaxies
have varying properties (e.g. star/dust geometry, dust com-
position), while most SFR calibrations are based on spe-
cific galaxy samples. As such, applying these calibrations
to global galaxy samples can potentially lead to significant
biases.
These problems lead to the application of largely un-
known obscuration and aperture corrections, using an as-
sumption regarding the atmospheric PSF at the time of ob-
servation, which introduce additional uncertainties and/or
assumptions regarding dust heating sources, spatial distri-
bution and grain composition (e.g. see for discussion of the
affect of aperture corrections in GAMA/SAMI, Richards et
al. 2016). A potentially more robust approach is to mea-
sure both the UV and total IR emission simultaneously
(UV+TIR or full spectral energy distribution (SED)-derived
SFRs e.g. Bell et al. 2005; Papovich et al. 2007; Barro et
al. 2011), probing both the dust obscured and unobscured
SFRs. This approach does not require obscuration correc-
tions, as one completely observes the full (direct and repro-
cessed) emission from young stars. However, this method
also contains the same assumptions regarding the dust ab-
sorption as MIR estimates, as well as assumptions regard-
ing the relative timescales of both processes. In addition,
the number of sources with robust UV+TIR measurements
has historically been very small, and as such, analysing large
sample of galaxies using this method has been impossible.
Recently great strides have been made in improving
techniques to derive robust SFRs for large samples of galax-
ies (see Davies et al. 2016, hereafter D16). Complex pre-
scriptions for the treatment of obscuration corrections in
the UV, such as using radiative transfer (RT) models (see
Tuffs et al. 2004; Wood et al. 2008; Popescu et al. 2011;
Popescu & Tuffs 2013; Grootes et al. 2013, 2014, Grootes
in prep and D16), have dramatically improved our ability
to reduce the scatter in UV derived SFRs to that of the in-
trinsic population. Whereas, samples of UV+TIR detected
sources have increased dramatically with the extensive sur-
veys of both GALEX (Martin et al. 2005) and Herschel (Pil-
bratt et al. 2010), and improvements to SED modelling, such
as magphys (da Cunha et al. 2008) and cigale (e.g. Noll
et al. 2009), have allowed us to probe statistically robust
samples using UV+TIR SFRs (for example see, D16 and
Smith et al. 2012). However, the low spatial resolution of
both UV (GALEX) and FIR (Herschel-SPIRE Griffin et al.
2010) data, leads to source confusion and requires complex
deblending algorithms, for example lambdar (Wright et al.
2016), and Smith et al. (2012). Lastly, with the advent of
spatially resolved spectroscopic observations of survey-size
samples of galaxies (e.g. the SAMI galaxy survey, Croom et
al. 2012; Bryant et al. 2015), we can now probe emission line
derived SFRs over the full galaxy, and investigate the spa-
tial distribution of star formation (e.g. Richards et al. 2016).
However despite the spatial gain, these SFRs are once again
subject to the application of dust attenuation corrections as
for fibre-based spectroscopy.
Despite these improvements, it is possible to avoid
sources of error induced by obscuration corrections, dust as-
sumptions and aperture corrections by using a dust-unbiased
measure of star-formation integrated over the whole galaxy.
The radio continuum is ideally suited to this. It has long
been known that there is a tight correlation between FIR
emission and rest-frame 1.4 GHz radio power (e.g. van der
Kruit 1971; Helou, Soifer, & Rowan-Robinson 1985; Con-
don 1992; Yun, Reddy, & Condon 2001). This relation arises
because emission at both wavelengths is connected with on-
going star formation. Emission from star forming galaxies
at 1.4 GHz is dominated by synchrotron radiation arising
from relativistic electrons thought to be accelerated by su-
pernovae shocks (e.g. Harwit & Pacini 1975). Given that
massive stars dominate both the supernova rate and dust
heating, the FIR-radio correlation is borne out of the same
underlying sources producing the emission at both wave-
lengths. As the supernova rate is intimately linked to the
birth of high mass stars and emission at these wavelengths
is unencumbered by dust obscuration, the non-thermal ra-
dio luminosity provides a robust and dust-unbiased measure
of the current star-formation on ∼ 100 Myr timescales (e.g.
see Condon, Cotton, & Broderick 2002).
There has been a long history of using 1.4 GHz lumi-
nosity to derive dust un-biased star-formation rates over the
past ∼30yrs. In their infancy, these studies relied on the ob-
servations of a relatively small number of individual sources
(e.g. see review in Condon 1992).
However, with the advent of large area radio surveys,
such as the Faint Images of the Radio Sky at Twenty-cm
(FIRST Becker, White, & Helfand 1995) and the NRAO
VLA Sky Survey (NVSS Condon et al. 1998), in combination
with large area optical (e.g. the Sloan Digital Sky Survey,
SDSS Alam et al. 2015) and IR (e.g. Infrared Astronomical
Satellite, IRAS Beichman 1988) surveys, direct comparisons
between radio emission and multiple other SFR tracers could
be performed over statistically large samples of galaxies.
Using a sample of 249 galaxies, Bell (2003) compared
FUV, optical, IR and radio luminosities to derive a ra-
dio to SFR calibration and explore the origin of the FIR-
radio relation. Following this, Hopkins et al. (2003) com-
pared 1.4 GHz SFRs derived using the prescription of Bell
(2003) and the FIRST data, with that of u-band, Hα
and [OII]-derived SFRs from SDSS, and MIR SFRs from
IRAS - finding agreement between SFRs albeit with con-
siderable scatter (∼ 60%). Following this, Kennicutt et
al. (2009) produced a comparison been IR+Hα SFRs and
1.4 GHz radio-continuum for galaxies in the Sptizer Infrared
Nearby Galaxy Survey (SINGS), finding consistently with
Bell (2003), a tightly correlated, by slightly non-linear rela-
tionship between IR+Hα SFRs. As such, these studies pro-
duced the first robust calibrations between multiple SFR in-
dicators for large samples of galaxies. More recently, detailed
observations of star-forming regions in individual galaxies
(e.g. Murphy et al. 2011; Heesen et al. 2014), and well stud-
ied nearby galaxies (Boselli et al. 2015) have provided robust
calibrations of the radio luminosity to SFR relation and com-
parisons with other SFR tracers. However, it is important
to note that all of these previous radio-luminosity to SFR
calibrations are bootstrapped from the FIR-radio relation.
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These approaches highlight the dichotomy in probing
1.4 GHz emission from star-forming galaxies, between de-
tailed observations of well studied nearby galaxies in the high
signal to noise regime, primarily with dedicated observations
(e.g. Kennicutt et al. 2009), and the statistical approach of
identifying multiple faint sources in large area surveys (e.g.
Hopkins et al. 2003, and as we do here). The former of these,
can be biased by sample selection and underestimates of ra-
dio flux as emission may be resolved out in interferometric
observation, but is unencumbered by random errors. While
the latter, can be biased by source confusion and possible
AGN contamination but allows statistical analyses to the
full galaxy population.
Despite these advancements in studying 1.4 GHz emis-
sion from galaxies in large area surveys in recent years, the
relatively shallow depth of radio continuum surveys such
FIRST and NVSS, and the small area of deep radio contin-
uum surveys (e.g. VLA-COSMOS, Schinnerer et al. 2007)
have limited the number of sources with detectable 1.4 GHz
continuum emission with which to derive SFRs. This is set
to change dramatically with the advent on new deep large
area continuum surveys from the Square Kilometre Array
(SKA) and its precursors such as ASKAP-EMU (Norris et
al. 2011) and MeerKAT-MIGHTEE (Jarvis 2012). One of
the key scientific goals of the SKA is to measure the cos-
mic star-formation history using the radio continuum as a
dust-unbiased tracer of star-formation (see Ciliegi & Bardelli
2015; Jarvis et al. 2015a,b).
However, a potential limiting factor in the use of the
1.4 GHz SFR tracer in large area surveys is the lack of ro-
bust spectroscopic redshifts - with which to derive 1.4 GHz
luminosities from observed flux densities and aid in the sep-
aration of AGN/SF-like sources. EMU is likely to detect 70
million galaxies, of which only a small faction will have spec-
troscopic redshifts - mostly at low-z (z < 0.25) from EMUs
sibling survey WALLABY (see Koribalski 2012) and the lo-
cal galaxy redshift survey, TAIPAN. As such, outside the
very local Universe, EMU will have to either rely on photo-
metric redshifts, undertake additional spectroscopic obser-
vations, or use redshifts from existing large area surveys.
The Galaxy And Mass Assembly (GAMA Driver et al.
2011; Liske et al. 2015) survey, and upcoming Wide Area
VISTA Survey (WAVES, Driver et al. 2016b), are ideally
suited to providing a large number of spectroscopic red-
shifts. GAMA contains redshifts for ∼280,000 galaxies in
the EMU footprint at z < 0.4. In addition to these red-
shifts, GAMA also provides an extensive database of multi-
wavelength observations and value added catalogues of FIR
luminosities, stellar masses, dust masses, metallicities, envi-
ronmental metrics and most importantly, multiple metrics
of star formation with which to compare to the observed
EMU luminosities (see D16). The upcoming WAVES sur-
vey will add an additional ∼ 2M galaxies to this sample
extending out to z < 0.8, which will be invaluable in provid-
ing time resolution, environment, and derived parameters
for EMU sources. The combination of GAMA/WAVES with
the ASKAP surveys (EMU, WALLABY and Deep Investi-
gations of Neutral Gas Origins, DINGO, Meyer 2009) will
produce a formidable dataset with which to study galaxy
evolution over an extensive redshift baseline.
In preparation for these future studies, it is essential
that we fully exploit existing datasets in order to explore
SFRs derived from the 1.4 GHz radio emission. Here we use
the current state of the art large area radio survey, FIRST, in
combination with GAMA to investigate the 1.4 GHz SFR in-
dicator and make predictions for GAMA-ASKAP. Through-
out this paper we use a standard ΛCDM cosmology with
H0 = 70 kms
−1 Mpc−1, ΩΛ = 0.7 and ΩM = 0.3.
2 DATA
2.1 GAMA
The extended GAMA survey (GAMA II) covers 286 deg2
to a main survey limit of rAB < 19.8 mag in three equatorial
(G09, G12 and G15) and two southern (G02 and G23 survey
limit of iAB < 19.2 mag in G23) regions (Liske et al. 2015).
The limiting magnitude of GAMA was initially designed to
probe all aspects of cosmic structures on 1 kpc to 1 Mpc
scales spanning all environments and out to a redshift limit
of z ∼0.4. The spectroscopic survey was undertaken using the
AAOmega fibre-fed spectrograph (Sharp et al. 2006; Saun-
ders et al. 2004) in conjunction with the Two-degree Field
(2dF, Lewis et al. 2002) positioner on the Anglo-Australian
Telescope and obtained redshifts for ∼280,000 targets cov-
ering 0 < z . 0.5 with a median redshift of z ∼ 0.2, and
highly uniform spatial completeness (see Baldry et al. 2010;
Robotham et al. 2010; Driver et al. 2011, for summary of
GAMA observations).
Full details of the GAMA survey can be found in Driver
et al. (2011, 2016) and Liske et al. (2015). In this work we
utilise the data obtained in the 3 equatorial regions, which
we refer to here as GAMA IIEq . Stellar masses for the
GAMA IIEq sample are derived from the ugriZY JHK pho-
tometry using a method similar to that outlined in Taylor
et al. (2011) - assuming a Chabrier IMF (Chabrier 2003).
Figure 1 displays the stellar mass-redshift distribution of
the GAMA IIEq sample. All photometry used in this work
comes from the lambdar catalogue discussed in Wright et
al. (2016) and spectral line analysis will be detailed in Gor-
don et al (in prep).
2.2 FIRST
The Faint Images of the Radio Sky at Twenty-cm (FIRST)
survey (Becker, White, & Helfand 1995) is a 1.4 GHz con-
tinuum survey of the Northern hemisphere and contains
∼90 sources deg−2 at the 1 mJy survey threshold to an
rms sensitivity of ∼0.15 mJy beam−1. The survey was un-
dertaken by the VLA in B configuration with a synthesized
restoring beam of 5.4′′ full width at half-maximum. We use
the ‘14Dec17’ FIRST catalogue which contains observations
from 1993 to 2011. This catalogue consists of 946,432 sources
covering ∼10,500 deg2 (i.e. ∼95 deg−2). For further details of
the FIRST survey see the many references available.
3 COMBINING GAMA AND FIRST
3.1 GAMA-FIRST Detected Sample
To identify GAMA galaxies which have a detection in
FIRST, we perform a 3′′ cross match (comparable to the
MNRAS 000, 1–13 (2016)
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Figure 1. The redshift-M∗ distribution of GAMA IIEq galaxies
(contours), the GAMA volume limited spirals sample of Grootes
et al. (2014) used in our stacking analysis (red circles), and
the GAMA-FIRST position matched sample (gold squares). The
coloured shaded regions display the volume stacked within care-
fully designed stellar mass bins.
FIRST half beam width and see e.g. Sadler et al. 2007) be-
tween the GAMA and FIRST catalogues. Where multiple
GAMA sources are matched to a single FIRST detection
(< 2% of sources), we assign the closest position match.
This results in 3,346 matched galaxies in the GAMA vol-
ume, which we refer to as the GAMA-FIRST sample. We
highlight that this sample is comparable to the Ching et al.
(in prep) sample who preform a more complex match be-
tween SDSS and FIRST galaxies in the GAMA regions.
A substantial fraction of our GAMA-FIRST sources
are likely to be AGN which dominate the 1.4 GHz number
counts at high flux density limits. Given that we aim to pro-
duce a robust calibration between radio emission and star-
formation, we opt exclude all sources which potentially have
some fraction their radio emission arising from an AGN, and
apply multiple cuts to produce a robust, but by design, in-
complete sample of star-forming radio galaxies.
Firstly, we exclude sources which are identified as AGN
using the BPT diagnostic Baldwin, Phillips, & Terlevich
(1981). We select all GAMA-FIRST galaxies which have
[OIII], Hβ, [NII] and Hα lines detected at > 2σ. The top left
panel of Figure 2 displays the distribution of these sources
in the BPT diagram. We use the AGN-SF dividing line of
Kauffmann et al. (2003) and exclude sources which are iden-
tified as AGN via their optical emission line ratios (black
points in Figure 2) - removing 289 optically identified AGN.
However, this process does not account for heavily ob-
scured (optically thick) AGN, which may not be identified
via the BPT method but can still show strong radio emis-
sion. In order to remove such sources we apply the Wide-
field Infrared Survey Explorer (WISE) colour selection of
obscured AGN in a similar manner to, for example, Stern et
al. (2012) and Mateos et al. (2013). The top right panel of
Figure 2 show the WISE colours for all GAMA sources (con-
tours) and our GAMA-FIRST matched sample (gold). Here
we apply an initial conservative selection of W1-W2<0.125 -
where W1 and W2 are the observed magnitudes in WISE-1
(3.4µm) and WISE-2 (4.6µm) bands respectively, taken from
the GAMA lambdar catalogue (removing 70 sources). We
then also remove sources which have WISE colours consis-
tent with passive galaxies (as their radio emission is likely to
arise from an AGN not SF), using the colours of passive spi-
rals outlined in Fraser-McKelvie et al. (2016) using W3-W2
> -0.75. This removes a further 1277 sources. We note that
none of the removed sources are identified as star-forming
using the BPT diagnostic.
1.4 GHz luminosities for the remaining GAMA-FIRST
sample are calculated using the total integrated flux den-
sities (FINT) from the FIRST catalogue, converted to
intrinsic luminosity using the GAMA redshifts and k-
corrected assuming a power law slope of -0.7. We then
exclude any source which has a rest-frame 1.4 GHz lumi-
nosity of > 1023.5W Hz−1, as such high luminosities may
be representative of an AGN (this luminosity would imply
SFR>200 M yr1 using previous calibrations). We note that
this selection may remove Ultra Luminous Infrared Galax-
ies (ULIRGS) which potentially have all of their emission
arising from star-formation. However, these sources gener-
ally reside at higher redshifts than the GAMA sample, and
thus their potential removal will not affect our derived cali-
brations. This selection removes a further 64 sources.
Lastly, in the bottom left panel of Figure 2 we exclude
remaining sources which meet the radio-NIR/MIR AGN se-
lection of Seymour et al. (2008). We use a conservative se-
lection to exclude sources with log[S22µm/S1.4GHz ]<0.5 as
AGN - removing a further 80 sources. Where S22µm is the
lambdarWISE-4 (22µm) luminosity. We note that this may
lead to the removal of low metallicity dwarf galaxies, but this
is unlikely to significantly affect our sample. This leaves 145
star-forming galaxies in the GAMA-FIRST sample.
However, using the high resolution FIRST data leads
to the possibility of radio flux being ‘resolved out’ for large
angular size sources with faint radio emission in their ex-
tremities (i.e. see Jarvis et al. 2010). This could potential
lead to an underestimation of source flux and thus bias any
derived calibrations. In order to investigate this we use the
the NRAO VLA Sky Survey (NVSS Condon et al. 1998),
a 1.4 GHz survey using the VLA in the more compact D
configuration. This compact configuration has poorer resolu-
tion than FIRST but greater sensitivity to extended outlying
structure. As such, NVSS provides a robust measurement of
total 1.4 GHz flux, but is more likely to be affected by source
confusion. To estimate the fraction of flux that is potentially
resolved out, we match to the NVSS catalogue and find 54
sources in our remaining sample have NVSS detections. Fig-
ure 2 (bottom right) displays the NVSS to FIRST flux ratio
against r-band effective radius taken from GAMA. We dis-
play both our robust SF sample (gold squares) and all other
FIRST-NVSS matches from our initial 3,542 sources (black
points). Clearly, NVSS measures a larger 1.4 GHz flux than
FIRST for many sources, but typically finding differences of
< a factor of two. Here we opt to exclude large sources which
MNRAS 000, 1–13 (2016)
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are most likely to be affected missing flux in FIRST. In a
similar manner to Hopkins et al. (2003) but with a more con-
servative cut, we exclude all sources from our sample with
r-band effective radius> 5′′ - removing a further 60 galaxies.
This leaves a final, highly robust, star-forming GAMA-
FIRST sample of just 104 galaxies. While this sample is
small, we have made every possible effort to exclude any
sources of AGN contribution to the radio emission. We over-
plot the final GAMA-FIRST sample as the gold squares in
Figure 1.
3.2 GAMA-FIRST Stacking
In addition to the individually detected GAMA-FIRST
galaxies described above, we also perform a stacking anal-
ysis of stellar mass selected star-forming galaxies within a
volume limited sample from GAMA.
We use the low contamination and high complete-
ness, volume limited sample of spiral galaxies outlined in
Grootes et al (submitted) and D16, and selected follow-
ing the method presented in Grootes et al. (2014) - here-
after GAMA-SPIRALS. Briefly, the sample uses a non-
parametric, cell-based, morphological classification algo-
rithm to identify spiral galaxies at 0 < z < 0.13. The mor-
phological proxy parameters used in Grootes et al. are the
r-band effective radius, i-band luminosity and single-Se´rsic
index (taken from Kelvin et al. 2012), importantly avoiding
observables which are themselves SFR indicators. We refer
the reader to Grootes et al. (2014) and Grootes et al. (sub-
mitted) for further details.
The red points in Figure 1 display the GAMA-SPIRALS
sample, which contains 6,366 sources. We then also exclude
galaxies which are identified as AGN using the BPT, leav-
ing 6,149 sources. We note that this process may still retain
Seyfert nuclei, which are problematic to remove from the
sample prior to stacking. If included such sources could po-
tentially cause a slight overestimation in the stacked 1.4 GHz
measurements.
We split the resulting sample into six stellar mass
bins from 9.25<log[M∗/M ]<11.25. We include four cen-
tral mass bins of ∆log[M∗/M ]=0.25, bounded by two larger
∆log[M∗/M ]=0.5 bins at the high and low mass end to in-
crease signal to noise in the resultant stacks where either
sources are radio faint (the low mass end) or the number
density of galaxies is low (the high mass end). Our stacked
volumes are displayed as the coloured shaded regions in Fig-
ure 1. Stellar mass ranges, median redshifts and number
densities of the stacked samples can be found in Table 1.
We perform the stacking analysis using two different
modes both stacking the FIRST data directly, not cata-
logues. Firstly, we produce stacks by median combining the
pixel values the FIRST data centred on the positions of the
GAMA-SPIRAL samples in each mass bin. We then measure
the total integrated flux at the central beam of the median
stack assuming a gaussian profile, and derive a 1.4 GHz lu-
minosity using the median redshift of all sources in the mass
bin and k-correcting assuming a power law slope of -0.7 (me-
dian redshifts are given in the second column of Table 1).
Hereafter we will refer to this as the flux density-measured
stack.
Secondly, we determine the individual luminosity of the
FIRST data at the position of each of the GAMA-SPIRAL
samples. For this we extract a region of the FIRST data cen-
tred on the position of the GAMA-SPIRALS source, then
convert every pixel value into a luminosity at the source red-
shift (once again assuming a power law slope of -0.7). We
then median combining the pixel values in each extracted re-
gion and measure the total integrated luminosity at the cen-
tral beam. Hereafter we will refer to this as the luminosity-
measured stack.
For each, stellar mass range we also produce identical
stacked samples with the individually detected sources re-
moved. In Table 1 we display the median flux density stack
measurements for both the full stacks and the stacks with
individually detected sources removed. We also display lumi-
nosity measurements for both the flux density-measured and
luminosity-measured stacks using the full sample. In order
to estimate rms errors, we stack the same number of sources
as in each stellar mass bin, but at random offset positions
in the FIRST data and measure the resultant rms. For the
luminosity-measured stack, we calculate the luminosity all
pixels in the offset position using a unique redshift from the
GAMA-SPIRALS sample (thus replicating the same redshift
distribution in our rms measurements). We do not display
luminosity measurements using the stacked sample with in-
dividually detected sources removed, but note that these
only marginally differ from the full stacked sample (< 5%).
We also include the difference between the full sample and a
sample excluding detected sources in our luminosity errors.
We note that when producing our stacks we do not
exclude sources which potentially overlap in source posi-
tion. However, given that the total GAMA source density
is 0.0026 sources per FIRST beam, and at most we stack
∼ 2000 sources, it is unlikely that we have significant overlap
in source positions when stacking or confusion from nearby
GAMA sources. However, this does not rule out contribu-
tions to the radio flux density arising from sources below the
GAMA r-band selection limit (these sources are likely to be
faint in radio emission) or high redshift sources which sit
within the beam of the GAMA galaxy. Given it is impossi-
ble to remove such sources (as there are no deeper spectro-
scopic observations in the GAMA regions) we cannot make
assessments regarding their contribution to the observed flux
density. However, given that the results in the following sec-
tions display the consistency between our stacked samples
and individually detected sources, it is unlikely that such
faint galaxies strongly contribute to our derived flux densi-
ties.
Figure 3 displays the full stacked GAMA-SPIRAL sam-
ples in different stellar mass bins. All stacked values include
a multiplication factor of 1.4 to account for “CLEAN” bias
(White et al. 2007). We obtain a > 4.25σ detection in all bins
in our flux density-measured stacks and > 4.5σ detections
in our luminosity-measured stacks .
4 1.4GHZ LUMINOSITY-SFR RELATION
Using both the individually detected GAMA-FIRST galax-
ies and our stacked samples, we investigate the 1.4 GHz
luminosity-SFR relation. D16 provides multiple SFR esti-
mates using 12 different methods for deriving SFR and pro-
duces consistent measurement of star-formation across all
methods. Here we only compare to the full SED measures
MNRAS 000, 1–13 (2016)
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Figure 2. Identification of robust star-forming galaxies in GAMA-FIRST sample. Top left: BPT classification used to select star-forming
galaxies from the GAMA-FIRST crossmatched sample. Points display GAMA-FIRST matched sources which are detected at > 2σ in
all emission lines required for the BPT. The blue line displays the SF-AGN dividing line of Kauffmann et al. (2003). We exclude
GAMA-FIRST matched sources which are identified a spectroscopic-AGN in via the BPT diagram (black points). Top Right: WISE
colour selection of obscured AGN sources. Contours display the GAMA sample, while gold squares display the remaining GAMA-FIRST
sample, after BPT rejection of AGN. We apply a conservative cut in W1-W2<0.125, red horizontal line, to exclude GAMA-FIRST
sources which potentially contain an obscured AGN and also exclude source with W3-W2>-0.125, red vertical line, as such systems have
colours consistent with passive galaxies (and as such their radio emission lis unlikely to arise from star-formation. Bottom Left: The
NVSS/FIRST 1.4 GHz flux ratio as a function a r -band effective radius. We exclude all sources with Re > 5′′ which potentially have
resolved out flux in FIRST.
of star-formation, UV+TIR and magphys (da Cunha et
al. 2008). Given the recalibration process in D16, all other
GAMA SFR methods will produce similar results to the
UV+TIR measurement. We also expect the 1.4 GHz SFRs
to be most closely correlated with long duration measures of
star-formation, as they arise from SNe-driven emission. We
opt to use the full SED measurements of star-formation over
FIR emission only (as has previously been used when cali-
brating 1.4 GHz via the FIR-radio relation), as the UV+TIR
SFR estimation combines the SF information derived in
the FIR with that observed in the UV, and as such is
likely to produce a more representative measure of the to-
tal star-formation. We also include the magphys SFR as it
gives an alternative estimate of the SF, essentially from the
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Table 1. Properties of the GAMA-FIRST stacked samples. Column 1: the stellar mass range over which our volume-limited sample
of spiral galaxies is stacked. Colunm 2: the median redshift of the stacked sample. Column 3: the number of sources in the stacked
sample. Column 4: the number of individually detected (peak flux density > 0.9mJy) sources in the stack. Column 5: stacked flux density
measurement for all sources. Column 6: stacked flux density measurement excluding individually detected sources. Column 7: Luminosity
measurement from flux density-measured stack, using stacked flux density and median redshift. Column 8: Luminosity measurement
from luminosity-measured stack, using individual source redshifts. Luminosity measurements are derived from the full stacks only (not
excluding detections), but the error range incorporates the difference between the full stack and the stack with detected sources removed.
Stellar Mass Median # # S1.4 - full S1.4 - no detect Lflux−measured Llum−measured
log[M∗/M ] Redshift full detected µJy±rms µJy±rms ×1021 W Hz−1 ×1021 W Hz−1
(1) (2) (3) (4) (5) (6) (7) (8)
9.25 - 9.75 0.100 2261 7 24.2±5.6 24.2±5.5 0.60±0.14 0.39±0.07
9.75 - 10.00 0.107 706 4 46.3±9.6 43.5±9.7 1.33±0.38 0.85±0.20
10.00 - 10.25 0.106 565 1 76.3±11.1 76.3±11.2 2.14±0.31 1.64±0.22
10.25 - 10.50 0.106 456 3 94.1±12.0 93.4±12.0 2.63±0.34 2.11±0.22
10.50 - 10.75 0.108 213 6 91.8±17.2 86.0±17.5 2.67±0.67 2.37±0.64
10.75 - 11.25 0.111 126 5 97.0±23.7 100.0±23.6 2.98±0.70 2.45±0.48
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Figure 3. Stacked 1.4 GHz images of our volume limited late-type sample. The green ellipse shows the FIRST beam shape, centred
on the stack position. At the central position we measure integrated 1.4 GHz flux densities of 17.3 ± 4µJy, 33.1 ± 6.9µJy, 54.5 ± 7.9µJy,
67.2 ± 8.6µJy,65.6 ± 12.3µJy, 69.3 ± 16.9µJy, with increasing stellar mass. Errors are determined by the rms variation in a random offset
stack on the same number of sources. We also produce stacks excluding individually detected sources, and those produced when stacking
in luminosity space for each sample, but for clarity we do not show them here - see text for details.
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Figure 4. Correlation between 1.4 GHz luminosity and SFR indicators from GAMA outlined in Davies et al. (2016): UV+Total IR
derived SFR (left) and magphys SED-derived SFR (right). Circles display the GAMA-FIRST detected sample. Open squares display
our luminosity-stacked samples, while filled triangles display our flux density-stacked samples. We fit the relations using hyperfit for
both a free slope and normalisation (black lines), a fixed m=1 relation (blue lines), a free fit to just the flux density-measured stacked
data points (gold line). We also over-plot the Murphy et al. (2011) and Hopkins et al. (2003) relations as the brown and dark green lines
respectively.
UV+TIR, produced using a different fitting method. For fur-
ther details of these SFR measures, please see the detailed
descriptions in D16. Note that we do not use the favoured
radiative transfer-derived SFRs of D16 in this work as we
do not have these SFRs for the full GAMA-FIRST sample.
Given that we wish to directly compare radio luminos-
ity to SFR we also apply the luminosity dependant scaling
factor derived in Bell (2003) and discussed in Hopkins et al.
(2003) to all radio luminosities prior to comparing to SFRs
(including our stacked samples). This scaling is based on the
observed FIR-radio relation and is given by:
L1.4GHz = f × L1.4GHz−Obs (1)
where:
f =

1 (L1.4GHz > Lc )
[
0.1 + 0.9
(
L1.4GHz
Lc
)0.3]−1
(L1.4GHz ≤ Lc )
and Lc=6.4×1021 W Hz−1. This scaling allows for the SFR
calibrations to be roughly a factor of two lower than the
relation from Condon (1992) at high luminosities, while
comparable at lower luminosities (i.e. resulting in a broken
power law - for the use of this scaling see discussion in Bell
2003). We apply this scaling to be directly comparable to
the 1.4 GHz-SFR calibration from Bell (2003) and Hopkins
et al. (2003).
Figure 4 displays the 1.4 GHz Luminosity-SFR relation
for both the UV+TIR SFR and magphys SFRs from D16.
Individually detected sources from the GAMA-FIRST sam-
ple are displayed as circles while the flux density-measured
and luminosity-measured stacks are displayed as filled trian-
gles and open squares respectively. We over-plot the previous
literature relations outlined in Murphy et al. (2011) (mea-
sured for SF regions in NGC 6946), Hopkins et al. (2003)
(from SDSS-FIRST) and Condon (1992) as the brown, dark
green and orange solid lines respectively. The Condon (1992)
line is plotted as a broken power law to account for the scal-
ing described above.
We then fit the 1.4 GHz luminosity-SFR relation lin-
early in a number of ways using the multi-dimensional
MCMC fitting [r] package hyperfit1 (Robotham &
Obreschkow 2015). Firstly, we fit the full distribution us-
ing a fixed, m=1, slope (blue line) - these fits are almost
identical for both the UV+TIR and magphys SFRs but
have a slightly offset normalisation from the Murphy et al.
(2011) and Hopkins et al. (2003) relation. Secondly we fit
the distributions with a free slope and normalisation (ma-
genta line) - these fits have a slightly different slope between
the UV+TIR and magphys SFRs. Lastly, we fit the distri-
butions using just the flux density-measured stacks (green
line). All fits take the form of:
log10[SFR(Myr−1)] = m × log10[L1.4GHz(WattsHz−1)] + C
(2)
with parameters, m and C, given in the figure. Note that
1 http://hyperfit.icrar.org/
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Figure 5. The 1.4 GHz SFR-M∗ relation in the GAMA regions, derived using using our free-fit luminosity-to-SFR relation for UV+TIR
(left) and MAGPHYS (right). Our new 1.4 GHz-derived SFR-M∗ relation is constant with the SFR-M∗ relation from Davies et al. (2016)
at log[M∗/M ]<10.5, but tuns over at the high mass end (the known turn over in the SFR-M∗ relation at high stellar mass). Black
triangles display our luminosity stacked samples, with error bar showing the stacked sample range in stellar mass. Coloured points show
the GAMA-FIRST matched sample colour coded by redshift. We also over-plot the SFR-M∗ fit from Davies et al. (2016) scaled to various
redshifts, given the normalisation evolution taken from Eq 20 of D16 and colour coded on the same redshift scale as the data points.
The black line displays the direct SFR-M∗ fit from D16 to an identical sample used in our stacking analysis here - as such the stacked
data points should be directly compared to the black line. Lastly, we over plot the H-α-derived SFR-M∗ fits from SDSS at z=0 Elbaz et
al. (2007) and GAMA I + SDSS at z < 0.1 Lara-Lo´pez et al. (2013) as the green dashed and dotted lines respectively. Errors in median
SFR are smaller than the plotted symbols and errors in stellar mass show the width of the stacked bin.
the Murphy et al. (2011) and Hopkins et al. (2003) relations
have a fixes m=1 slope. Given our free fits we suggest a new
calibration to the 1.4 GHz-SFR relation as:
log10[SFRUV+TIR] = 0.85 × log10[L1.4GHz] − 17.96 (3)
log10[SFRMAGPHYS] = 0.95 × log10[L1.4GHz] − 20.16 (4)
5 THE 1.4GHZ SFR-M∗ RELATION
Using the 1.4 GHz luminosity-SFR relations derived above,
it is possible to explore the 1.4 GHz SFR-M∗ relation. Fig-
ure 5 shows the relation using our new calibrations. In this
figure, we display the flux density-measured stacked data
points as solid black triangles, and the individually detected
GAMA-FIRST sample are shown as circles - colour coded
by their redshift. We also plot the SFR-M∗ relation fit for
the GAMA-SPIRALS sample using the radiative transfer
SFRs from D16 as the black solid line, and the same fit at
various redshifts (colour coded in the same manner as the
data points) using the evolution of the normalisation of the
SFR-M∗ relation using Eq 20 of D16. Green dashed and dot-
ted lines show the H-α-derived SFR-M∗ fits from SDSS at
z=0 Elbaz et al. (2007) and GAMA I + SDSS at z < 0.1
Lara-Lo´pez et al. (2013) respectively.
We find that the slope and normalisation of the 1.4 GHz
SFR-M∗ relation from our stacked samples and using our
new calibration is identical (within errors) to that derived
in D16 at log[M∗/M ]<10.5 (Figure 5). The slope of 1.4 GHz
SFR-M∗ relation flattens at log[M∗/M ]>10.5. This is ex-
pected given the well known turn over in the SFR-M∗ rela-
tion at high stellar masses (see Whitaker et al. 2014; John-
ston et al. 2015; Lee et al. 2015; Schreiber et al. 2015; Gavazzi
et al. 2015; Tomczak et al. 2016, and discussion in D16).
However, the turnover observed here is severe, given that
our stacked sample is based on purely spiral galaxies. We do
note that there is a turn over observed in for other SFR indi-
cators using the same sample (see coloured circles in Figure 8
of Davies et al. 2016), but this is less extreme (although only
measured to log[M∗/M ]=10.5). Potentially we are simply
observing the increasing contribution of passive (in terms of
specific SFR) galaxies at the high mass end.
We highlight that primarily the GAMA-FIRST individ-
ually detected galaxies lie well above the SFR-M∗ relation
at their redshift, suggesting they are star-bursting galaxies.
This is unsurprising given that they are detected in the rel-
atively shallow FIRST data. The exceptions to this are the
very local galaxies (red points), which are consistent with
the SFR-M∗ relation - very nearby sources can be detected
by FIRST to lower SFRs.
It is also interesting to note that using the individu-
ally detected GAMA-FIRST galaxies, one would not have
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been able to define the 1.4 GHz SFR-M∗ relation - given the
small number of sources spread over a large redshift range.
This highlights the power in performing optically-motivated
source stacking of radio continuum data using surveys such
as GAMA. The stacked data points allow us explore the
1.4 GHz SFR-M∗ relation to lower stellar masses then those
probed by the individual detected sources and for the first
time, define the slope and normalisation of the 1.4 GHz SFR-
M∗ relation over ∼ 2 decades in stellar mass.
6 PREDICTIONS FOR GAMA-ASKAP
Using the 1.4 GHz luminosity to SFR relations derived above
we make predictions for the number of GAMA sources that
are likely to be detected in upcoming deep radio continuum
surveys using ASKAP.
We take the full GAMA IIEq SFRs derived in D16 for
a number of different SFR methods, and use the 1.4 GHz lu-
minosity to SFR relation to predict the rest-frame 1.4 GHz
luminosity for all GAMA IIEq sources. Assuming a power
law slope of -0.7 and the GAMA redshift, we then convert
each luminosity to a predicted observed flux density. Figure
6 displays the predicted distribution of 1.4 GHz flux den-
sities from all GAMA IIEq sources using four of the dif-
ferent SFR methods discussed in D16 - for both UV+TIR
(top) and MAGPHYS (bottom) calibrations. Hα, u-band
and UV+TIR SFRs are all derived using the recalibration
process detailed in D16. We display both figures here to
highlight, that our choice of reference SFR (UV+TIR or
MAGPHYS) does not dramatically alter our predictions.
We compare this predicted distribution to the observed
number density of sources in deep radio continuum surveys,
using a combination the VLA-COSMOS (Schinnerer et al.
2004) and VLA-ECDFS (Miller et al. 2008) surveys. Firstly,
we use the VLA-COSMOS 1.4 GHz catalogue of Schinnerer
et al. (2007). In order to produce a representative sample of
GAMA-like galaxies, we perform a 3′′ position match to the
VLA-COSMOS catalogue to the COSMOS photometric cat-
alogue of Capak et al. (2007), and retain matches which have
r-mag<19.8 (the GAMA selection limit). We then combine
this with the VLA-ECDFS optical counterpart catalogue of
Bonzini et al. (2012), once again cut at r-mag<19.8. The gold
line in Figure 6 displays the number density as a function of
flux density for r-mag<19.8 sources in the combined VLA-
COSMOS+ECDFS. We also include a 16% cosmic variance
error (gold band), calculated using the prescription in Driver
& Robotham (2010) 2.
In addition, we display the predicted number density of
sources from the SKA Simulated Skies (S3) simulations of
extragalactic radio continuum sources (S3-SEX) outlined in
Wilman et al. (2008). To make this comparable to a potential
GAMA-FIRST sample, we take all sources from S3-SEX at
z < 0.4 and match them to the the observed distribution
of GAMA sources in K-band magnitude (in the absence of
stellar mass in the S3-SEX catalogues). We take the observed
K-band distribution from GAMA and randomly sample from
the S3-SEX simulated sources at z < 0.4 to produced the
same K-mag distribution. While this is not ideal, it aims to
2 See http://cosmocalc.icrar.org/
produce as close to a GAMA-representative sample from S3-
SEX as possible. We over-plot the number density of these
S3-SEX sources as the green line in Figure 6
Strikingly the predicted number density using the Hα
SFRs in GAMA is almost identical to the observed distribu-
tion from VLA-COSMOS+ECDFS and S3-SEX. This sug-
gests that our predictions are producing a comparable num-
ber density of 1.4 GHz sources to the observed distribution
at > 0.1mJy. Potentially the Hα SFR is most well correlated
with the observed distribution, as both mechanisms probe
the central regions of galaxies, particularly when using the
high resolution FIRST imaging. We also note that this Hα
SFR has been previously re-calibrated using the radiative
transfer-derived SFR in D16.
Using these distributions it is therefore possible to make
predictions for the number of GAMA sources which are
likely to be detectable in EMU and DINGO-continuum. The
green and red dashed lines in Figure 6 show the 5×rms
limits of EMU and DINGO-continuum, taken as 0.05mJy
and 0.025mJy respectively. Taking the number density of
GAMA sources above the EMU limit and scaling to the full
GAMA volume (∼ 250 deg2) we obtain the predicted num-
ber of GAMA-EMU sources, for each SFR method, given in
the top right corner of the figure. We then also predict the
number of sources with will be undetected in EMU but de-
tectable in the DINGO-continuum overlap with the GAMA-
G23 field (∼ 50deg2). The predictions range from ∼90,000 to
∼116,000 GAMA-ASKAP sources depending on SFR tracer
used. This suggests the ∼ 35 − 45% of GAMA star form-
ing galaxies (plus many radio-loud AGN) are likely to be
detected in GAMA-EMU.
Clearly, using current surveys to investigate the dust-
unbiased evolution of star-formation in the local Universe
is limited by the depth of large area radio surveys - the
GAMA-FIRST sample is heavily constrained by the num-
ber of FIRST detections. However, with the advent of the
ASKAP surveys we will no longer be constrained by the
lack of radio detections, but in fact by the number of robust
redshifts available to match to secure radio sources. This
highlights the necessity for further deep, wide area spectro-
scopic surveys such as the Wide Area VISTA Extragalactic
Survey (WAVES, Driver et al. 2016b), which will provide
∼ 2Million new redshifts within the EMU survey footprint
and allow detailed studies of the evolution of dust-unbiased
star-formation from 0 < z < 0.8.
Applying the same prescription as above to the current
WAVES mock catalogues, we can predict that ∼ 400,000
of the ∼ 2Million WAVES sources are likely to be detected
by EMU - producing an impressing dataset with which to
study galaxy evolution from the NUV through to the radio
continuum.
7 CONCLUSIONS
We have defined a robust sample of individually de-
tected GAMA-FIRST galaxies, and produced a stellar mass
weighted stack in the FIRST images at the position of a
volume limited spirals sample in GAMA. We exclude AGN
from our sample using the BPT diagram, radio power, WISE
colours, 1.4 GHz-W4 relation and r-band size to produce an
uncontaminated star-forming galaxy sample. We then com-
MNRAS 000, 1–13 (2016)
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Figure 6. The predicted 1.4 GHz flux density GAMA star-forming galaxies using different SFR measures derived in GAMA. We take
the observed SFR from GAMA, convert to a 1.4 GHz luminosity using the UV+TIR (top) and MAGPHYS (bottom) free-fit relation,
and scale to an observed flux density using the sources’ true redshift. The dashed vertical lines display the ASKAP-EMU (red) and
ASKAP-DINGO (green) 1.4 GHz 5×rms continuum limits. The top panel shows the full distribution and the bottom panel shows a
zoomed in region at the high flux density end. Using these values we can make predictions for the total number of GAMA star forming
galaxies that are likely to be detected in EMU and DINGO (given in the bottom panel for each SFR tracer). The gold line displays the
1.4 GHz number density of r -mag<19.8 sources from the VLA-COSMOS and VLA-ECDFS surveys, with error band estimated for the
16% cosmic variance error.
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pare the 1.4 GHz luminosity of our sample to previously de-
rived SFRs from GAMA, and derive new 1.4 GHz luminosity
to SFR calibrations. We derive the dust-unbiased SFR-M∗
relation to show that our new calibrations produce a relation
with the same slope and normalisation as that previously
derived for GAMA using 12 other SFR methods Davies et
al. (2016) - highlighting the power of optically motivated
source stacking in large area radio surveys. This also shows
that our calibrations are robust in deriving SFRs from radio
luminosity.
We then use this relation to make predictions for the
number of GAMA sources that are likely to be detected in
radio continuum by upcoming ASKAP surveys. We show
that using the GAMA Hα SFRs we obtain a prediction
which is consistent with deep radio surveys at flux density >
0.1 mJy. We predict that between 90,000 and 116,000 GAMA
sources (37-47%) are likely to be detected by ASKAP, and
in the near future a further ∼ 400,000 EMU sources will
have spectroscopic redshifts from WAVES. The combination
of deep, large area radio surveys and spectroscopic redshift
surveys will completely revolutionising our view of dust-
unbiased star-formation in the Universe.
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